Pacific herring (Clupea pallasi) 10 Prince William Sound (PWS) from 1995 to l998 were investigated as part of a mult ifaceted study of recruitment, the Sound Ecosystem Assessment (SEA) program. Though more herring larvae were retained in eastern PWS bays, ages-0 and -l herring used bays throughout PWS as nursery areas. Water transported into PWS from the Gulf of Alaska (GOA) contributed oceantc prey species to neritic habitats. Consequently, variations in local food availability resulted in differenc diets and growth rates of herring among bays. Summer food availability and possible incerspecific competition for food in nursery areas affected the autumn nutritional status and juvenile whole body energy content (WBEC), which differed among bays. The WBEC of age-0 herring in autumn was related to over-wincer survival. The limited amount of food consumption in wincer was not sufficient to meet metabolic needs. The smallest age-0 fish were most at risk of starvation in winter. Autumn WBEC of herring and winter water temperature were used to model *Correspondence. norcross@ims.uaf.edu over-wincer mortality of a~e-0 herring. Differences 10 feeding and energetics among nursery areas indicated that habitat quality and age-0 survival were vaned among areas and years. These conditions were measured by temperature, :ooplankton abundance, size of juvenile herring, diet energy, energy source (GOA vs. neritic zooplankron ), WBEC, and within-bay competition.
INTRODUCTION
Pacific herring inhabit conunencal shelf regions and spend much of their lives nearshore (Carlson, 1980; Hay, 1985; Tanisichuk ecal., 1993) . In late March and early April each year, schools of adult herring begin co migrate from within and outside of Prince William Sound (PWS) ( Spawning begins by mid-Apnl and lasts from 5 to 21 Jays. The spawning of herring in PWS is a massive ecologtcal event attended by large aggreganons of gulls, shorebirds (see Bishop and Green, 2001 ; this volume p. 149), humpback whales, and Steller sea lions. Embryonic herring incubate in intertidal and shallow subtidal areas for 22-24 day ac ambient temperatures in PWS (Biggs and Baker, 1993; Brown et al., 1996) prior co hatch ing in May. Though not documented in PWS, pelagic larvae of herring in other Alaskan locations are retained in nearshore nursery areas by local currents (McGurk et al., l993) . During the sprin~ in PWS, adult spawning hemng and their offspring are vulnerable to predation, weather patterns, ocean conditions, and human activities.
On 24 March l989, the canker vessel Exxon Valde: spilled 42 million litres of crude oil after grounding on Bligh Reef in north-eastern PWS (Fig. 1) . From 1 ro 20 April l989, herring spawned over l58 km of shoreline in PWS (Brady et al., 199l) . Injury to the PWS Pacific herring population from the Exxon Valdez oil spill was difficult to evaluate because little was known about early life stages . However, morphologic and genetic damage to larvae and reduced larval growth rates were observed in l989 (Norcross etal., l996) . It became apparent that we could neither assess the impact of the spill on juvenile herring nor understand processes continued through spring 1998 (Cooney ecal., 2001a;  this volume p. 1). The purpose of the SEA herring component was to identify impediments to recruitment during early life history stages of Pacific herring.
Prior to the SEA study, the location of Pacific herring nursery areas in PWS was not known, unlike many North Sea and eastern North America stocks of Atlantic herring (Clupea harengus) (Cushing, 1975; lies and Sinclair, 1982; Sinclair and lies, 1985) . Nearshore areas appear to be important habitat for juvenile Pacific herring in PWS for at least the first year of life (Rounsefell and Dahlgren, 1931) . Juvenile herring in British Columbia, Canada, inhabit nursery areas within 1-5 km from shore, often in bays, for up to 2 years (Taylor, 1964; Haegele, 1994; Hay and McCarter, 1997) . The proximity of the shore may provide a form of topographical relief required by juvenile herring (Hay and McCarter, 1997) . Therefore, we began by examining the nearshore habitat and factors affecting it in PWS.
As part of chis integrated research, we identified the life stages and probable factors influencing survival of juvenile herring in PWS through age-0 (first 12 months) and age-l (second 12 months). Previous research indic-147' w 146' w Gulf of Alaska aced that the effect of prey availability might be reflected in the size, energy conrenr and isotopic signatures of juvenile herring (Kline, 1997; Paul and Paul, 1998a,b) . We hypothesized that (i) herring use PWS bays and fjords as nursery areas; (ii) achieving a minimal condition level in summer is critical to over-winter survival of juveniles; (iii) nursery areas vary in quality; (iv) over-winrer survival of juvenile herring affects subsequent year-class strength; and ( v) the quality of nursery areas affects the nutritional status and year-class strength of herring. Several studies, which measured water temperature and prey abundance, distribution, density, size, growth, diet, isotopic signature, and energy content of juvenile herring, were generated to test these hypotheses and are summarized here.
This review integrates various aspects of juvenile herring research, the details of which have been published in numerous papers, co rest the above hypotheses. As a starting point to examining juvenile survival, we summarize the results of ocher PWS researchers to emphasize the influence of spawning and embryo stages, which in SEA was linked to the juvenile stage through a model of larval drift (Norcross, unpublished data) . Combining this information with the results of investigations of factors affecting juvenile survival of herring presents a synthetic view of the ecology and early life history of PWS herring.
PRE-JUVENILE EFFECTS ON SURVIVAL

Egg deposiaon and embryo development
ln PWS, readiness to spawn appears co be related to winter and spnng sea surface temperatures. PWS hernng spawn ac wacer temperatures of approximately 4 oc in calm seas (Biggs and Baker. 1993) . Variability in the riming and Juration of spawning occurred from 1973 to 1998; mean dace of spawn was 20 April:: 12.3 days (95% CI) (Biggs et al., 1992, J. Wilcock, ADFG, unpublished data) . From 1995 to 1998 spawnmg occurred sequentially earlier (Norcross and Brown, in press) as mean spring water temperatures increased (Gay and Vaughan, 2001; this volume p. 159) .
The amount and location of shoreline receiving spawn vaned from 1973 to 1998. Aerial surveys esumaced a minimum shoreline with spawn of 23 km in 1994 and a maximum of 268 km in 1988 (Brady, 1987; Funk and Harris, 1992; Funk, 1994) . Dunng the SEA study, the total shoreline receiving herring spawn was estimated at 33 km in 1995, 43 km in 1996, and 69 km in 1997 (Willette ec al., 1988) . The exact spawning locations within PWS vaned but were concentrated in the ~orth east, South-ease and Montague regtons ofPWS (Fig. 2) .
The largest source of herring embryo mortality occurs where eggs are physically removed from their substrate by predation or waves (Rooper, 1996) . For example, birds in 1994 consumed 27% of the herring eggs deposited (Bishop and G reen, 2001; this volume p. 149) . Likewise, wave energy may significantly affect egg loss during large storm events (Rooper ec al., 1999) . Suscepubtlity to mortality is governed by the depth of egg depositton. from ADFG data (Willette et al., 1998) . 0 1995 • 1998 • 1997 Embryo mortality in 1995 was estimated at 67-100%, average 75°6 (Rooper ec al., 1999) . Other factors such as interannual variability in spawn density and spawnmg location may also affect egg survtval.
Dispersal of larvae and juveniles
Though not documented in PWS, pelagic larvae of herring in ocher locations are advecced away from spawning sites by local currents (Sinclair, 1988) . A threedimensional numerical ocean current model implemented for PWS (30-PWS model) was used as a tool to study the potential transport of herring larvae from spawnmg sites co nursery areas. Circulation parameters based on 1996 conditions (Wang etal., 1997 , Wang etal., 2001 this volume p. 132) were used to simulate physical dispersal of larvae as passive rracers (Norcross, unpublished data) .
The model showed some simulated herring larvae (SHL) advected into bays and reramed m PWS, whtle other SHL were transported from PWS (Norcross, unpublished data) . SHL released from all regions were discnbuted to nearshore areas (Fig. 3 ) . SHL from North Shore, North-east and Montague were transported in a clockwtse pattern to the north-east, north, west and south-west, as well as out of PWS through Montague Strait. SHL originating m the South-east (Ftg. 3d) had a more limtted distribution and were concentrated in the east and north-east; fewer were transported from PWS. Results are consistent with the circulation pattern observed in PWS phystcal oceanographic ~tudies in 1996 and retention of satellite drifters in the South-east regton (Vaughan ~tal., 2001; this volume p. 58) .
The simulated larval rransport model demonstrates that herring larvae can be distributed to potential nursery areas (Norcross, unpublished data) . Therefore, if passive larval transport determines juvenile distributions, then all nearshore areas of PWS may serve as juvenile nurseries. However, the model could not assess what percentages of larvae were successfully recamed m each nursery. The degree to which the circulation in PWS acts as a retention mechanism for herring larvae, and how localized that retention might be, needs further study.
FACT ORS AFFECTING SURVIVAL OF AGE-0 AND AGE-l JUVENILES
Description of nursery areas
Prince William Sound is a semi-enclosed sea separated from the Gulf of Alaska by a series of mountainous islands (Fig. 1 ) . The rocky coastline has numerous islands, inlets, bays, and deep fjords. About half of the locations sampled during this study, though named and referred to as bays, were classified as small fjords. These (Willette et al., 1998) were used as start in~ locations for SHL transport (black). Cumulative (without mortality) dispersal patterns of SHL from spawning region of \lrtgm as of I July 1996 (grey).
fjords are characterized as steep-~ided basins with maximum depths over 100m; entrance sills varying in depth were present in some but not all t)ords. Fjords generally have slow tidal currents ( < 15 em s 1 ) and are stratified during penods of freshwater runoff. By late winter, the subsurface and deep waters are well mixed, but the surface layers can exhibit slu~ht stratification. Other shallower ( < 100m) locations classtfied as bays are more prone to vertical mixing from both winds and strong tidal currents. Bays may exhibit partial to strong stratification briefly during tht:: summer. In comparison with fjords, by early autumn bays are typically well mixed vertically, and by late winter their water columns become homogeneous from surface to bottom. Thermal conditions from 1995 to 1998 were cold and relatively well-mixed during late winter ( 4-6 °C) followed by Strati· fication (9-13 °C) in the summer (Gay and Vaughan, 2001; this volume p. 159) . At60° N, primary production in PWS is typical for high latitude neritic systems with a strong spring phytoplankton bloom (McRoy et al., 1997 ) and a short growing season. In this northern location, the combination of light and temperature restrictions create t::nvironmental conditions for Pacific herring that are somewhat different from those experienced by Atlannc herring (Clupea harengus) or by Pacific herring found in more southerly regtons of the west coast of North America.
To test our stated hypotheses, we sampled PWS and adjacent areas in the GOA by a1r, by boat using hydroacoustics and nets, and finally we sampled four nursery bays more intensively. The four bays were selected to represent north (Eaglek), south (Zaikof), east (Simpson) and west (Whale) areasofPWS (Fig. 1) . The temperature, salinity, plankton and circulation of the four bays differed from each other due to localized factors including: (i) variation in winds and air temperatures; (ii) geomorphology and bottom tojX)grnphy; (iii) coastal oceanography and size of the surrounding watersheds relative to the size of a fjord or bay; and (iv) the proximity to tidewater glaciers and ice-fields (Gay and Vaughan, 
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The average water temperatures in PWS bays taken at 25 m displayed seasonal and interannual patterns (Fig. 4 ) . Though March is the coldest month, it was significantly warmer in 1998 than in other years. In addition to interannual average-temperature differences, there were also interannual temperature differences within and between bays as demonstrated for October (Fig. 5 ).
Distribution, relative density, lengdt, and growth
To adequately sample the bays both horizontally and vertically, fish were sampled using several types of nets: a modified crawl for deep water collection, an anchovy seine for large surface schools and a small salmon fry seine for shallow water fishes (Stokesbury et al., 1999 (Stokesbury et al., , 2000 . Fish were also surveyed acoustically along standardized transects.
Results from seasonal PWS-wide net, acoustical (Stokesbury et al., 2000) and aerial (Brown et al., 1999) surveys (1995-96) and historical (1934-98) analysis (Brown et al., in press) , supported the first hypothesis that bays and fjords throughout PWS were herring nursery areas throughout the year. The aerial surveys (Brown and Borscad, 1998) for 3 months in summer 1995 within June, before age-0 fish had metamorphosed and when PWS and adjacent areas indicated that juvenile herring mostly age-l fish occupied the bays, aerial surveys found were broadly distributed in nearshore bays (Fig. 6 ). The almost no juveniles outside of PWS along the Kenai _ ~ithin-summer distribution revealed some differences in Peninsula (Fig. 6 ). In July, when the new year class was 3ge composition and distribution patterns of schools. In entering bays, schools included both ages-0 and -1. At 
that time, juveniles were found throughout PWS and along the Kenai Peninsula, but not on the outside of Montague Island. In August, all ages of herring, including adults, were found on the east side ofPWS, and along the Kenai Peninsula, but not in the north or west portions of PWS. The herring on the outside of Montague Island were primanly adults (Brown and Borstad, 1998) . Similar to the distribution of herring in July 1995 (Fig. 6 ), herrmg also were distributed throughout PWS in July 1996 (Fig. 7) . Both ages of juvenile herring were distributed through PWS year round, though there were fewer observed in the north-west in October 1995 and March 1996 (Fig. 8) than in July 1995 ) and 1996 ( Fig. 7) . A length frequency analysis of 63 981 fish collected in the four bays over all years combined indicated a trimodal size distribution for herring (Stokesbury et al., 1999) . Fish in the smallest size mode were age-0 herring, which we refer to as young-of-the-year; the middle size mode, which we call age-l or older juveniles; and the largest size mode, which consisted of age-2 and older herring adolescents or adults. By August, age-0 herring had entered the nursery areas; thus, August is the beginning point of our portrayal of juvenile life history (Fig. 9) . Lengths of both juvenile year classes increased rapidly from August to October, but showed little growth over the winter (Fig. 9a) . The relative density of age-0 herring within bays, as determined by acoustic sampling, usually decreased after July or August of each year (Table 1) .
Apparent increases or decreases m relative denstty of juvenile herring may be explamed by differemial mespecific migration of juvenile hemng withm and amon~ bays. Older juveniles migrate out of the bays in the summer (Stokesbury et al., 2000) as tht: new year class of herring is transported into the nursery areas. Dnfcers moving among bays within a region (Vaughan et al., 200 I;  this volume p. 58), indicate potential physical ctrculation patterns that could assist acttvely swtmming juvemle herring in migration to nearby bays. Confirmation of migration of juveniles ac other times would require a large-scale tag/ recovery effort.
The average length of age-0 herring varied among years (Fig. 9a) . The average size of age-0 and -1 herrmg in August was smaller in 1996 than at the same time in 1997. In 1996, July and August water temperatures were cooler than in 1997 ( Fig. 4 ; Gay and Vaughan, 2001; this volume p. 159) . Prior co these collections, the May 1996 biomass of zooplankton was similar to that of 1997, while the July 1996 :ooplankton biomass (0.47 g m-2 ) was significantly higher than in July 1997 (0.22 g m-~; Fig. 9b ). Due to lack of June sampling in 1997, we were not able ro establish whether this difference between years was due to a difference in zooplankton abundance or a difference in timing of zooplankton reproduct ion, either of which may have resulted from the lower production of phytoplankton in 1997 (Eslinger etal., 2001; this volume p. 81 (Brown and Borstad, 1998) .
Aerial Data (m2) .... in October 1997. In three of the four bays, age-0 fish were smaller in 1997 than in 1996 (Fig. lOa) and weighed less .
Growth appeared to continue at a decreased rate during winter, but measures of growth could be confounded by size-selective over-winter survival. The shortest over· wintering age-0 and -1 herring were found in March B. L. Narcross et al. • ... (Fig. 9a) , when the spring temperature was significantly warmer (ANOVA, P < 0.001) than the rwo previous years (Fig. 4 ) . Warmer winter temperature may cause increased metabolic demands though it does nor affect survival except in specific cases (Patrick, 2000; Patrick et al., in press ). Thus, warm winter temperature could reduce average size of age-0 herring, but simultaneously may have promoted earlier feeding in March, as suggested by the percentage of feeding in 1998 (Fig. 9d) . The result would be that more smaller herring would survive following a warm winter than a cold winter. Variable habitat quality among bays caused spatial variation in lengths (Fig. lOa) and relative densities (Table 1 ) of juvenile herring. These measures indicate char each bay represents a region chat is a unique nursery area with differing biological and physical conditions. There is considerable variability in rhe vertical distribution of temperature within each bay and among bays due to characteristic differences (Gay and Vaughan, 1998; this volume p. 159) . Thus, the influence of temperature on fish size in each bay and during each season, and its resulting impact on year-class strength, may depend on the depths occupied by the juvenile herring in that bay.
Diet
The diet of young-of-the-year herring varied seasonally (Foy and Norcross, l999b) . Zooplankton biomass grew between May and July (Fig. 9b) following the spring phytoplankton bloom. Diets switched from a low diversity diet of large and small Calanoida (copepod) in the spring ro a high diversity diet of fish eggs, Cirripedia (barnacle) nauplii, and large and small Calanoida in the summer. In the autumn, most diets of age-0 herring were dominated by Oikopleura spp. (larvacean). Oikopleura spp., Neamysis rayi (mysid), Thysanoessaspp. (euphausiid), and large and small Calanoida dominated winter diets. Prey in December consisted of epibenthic Amphipoda and Polychaera juveniles, suggesting that the fish are feeding near the bottom. The low incidence of feeding (Fig. 9d ) and decline in WBEC over winter (Foy and Paul, 1999) suggest age-0 herring rely primarily on stored energy as food is limited. Zooplankton biomass was lowest in February and increased slightly in March (Foy and Norcross, 1999a; Foy and Paul, 1999) . In March, Cirripedia nauplii, Pseudocalanu.s spp. (copepod), and Metridia spp. (copepod) were the dominant components of the zooplankton biomass. The presence ofThysanoessa spp. and Memdia spp. in March is important co youngof-the-year herring due to the high energy density (Fig. 9c ) of these prey taxa (Foy and Paul, 1999) .
Prey consumed by older juveniles included larger taxa in addition to chose consumed by young-of-the-year Energy densities of prey were estimated from literature values of zooplankton energy density and species composition of prey found in diets (Foy and Norcross, 1999b; Foy and Paul, 1999) . There was a significant difference among seasonal energy densities of prey of age-0 herring (Fig. 9c) . The lowest energy density of prey (2.6 kJ g-1 food) in November 1996 was followed by the highest percent of empty stomachs in December (Fig. 9d) . The most energy-dense prey (4.1 kJ g-1 food) was in the diets of che age-0 1996 year class in March (Fig. 9c) at the same time chat few stomachs were empty (Fig. 9d) . Increased feeding in March was unexpected as water temperatures (Fig. 4) and :ooplankton concentrations (Fig. 9b) are higher April or May. The winter pattern of empty stomachs was similar for age-l fish with the incidence of feeding in older juveniles also increasing in March (Fig. 9d ). The energy density of herring diets was highest (4.1 kJ g-1 food) in the 1994 year class as age-l in March 1996 and lowest (2.6 kj g-1 food) m the 1995 years class as age-l in December 1997 (Fig. 9c) .
Unlike age-0 fish, age-l herring took advantage of prey with higher energy density in October (Fig. 9c) . In early October, a secondary phytoplankton bloom may have occurred from an upward flux of deep nutrients into the surface layers (Eslinger, 2001; this volume p. 81) . Though it would seem that this late bloom could be an important food source for :ooplankton, no evidence of an increase in autumn zooplankton biomass (Fig. 9b) has been found in PWS (Cooney et al., 2001b; chis volume p. 97 ). However, 80-95% of age-0 and age-l herring were feeding in October (Fig. 9d) .
The energy density of prey in che age-0 herring diets was significantly different (ANOVA, P < 0.001) among bays (Fig. lOc) . Simpson Bay had significantly lower energy density in the diet than any other bay in October 1995, and the diet energy density in Eaglek Bay was significantly higher than any other bay in October 1996. However, there was no significant difference in zooplankton biomass among bays and years sampled (Fig. lOb) . Thus it appears chat prey with higher energy density were available to herring in Eaglek Bay in 1996 at least during (Fig. lOb) . Thus, despite rhe high energy density of che prey, rhe reduced availability of prey in 1997 may have contnbured co rhe small si:es of herring found m three of the four bays (Fig. lOa) . Prior to overwintering, quantity of food may be more important than quality of food and a reduction in food has potential to decrease survival of juvenile herring.
Stable isotopes
To examine another aspect of the quality of fooJ, the source of herring fooJ was exammed, i.e. the proportiOn of allochthonous production of :ooplankton occurring outside of PWS and availabile to juvenile herring. Differences in 13 C/ 11 C between PWS and rhe adjacent GOA planktOn distinguish the principal sources of carbon in PWS biota (Kline, 199i, 1999a (Kline, 199i, , 1999b . Stable isotope ratios m food webs prov1de a convenient means for showing trophic linkages because of their conservative transfer. A subset of the same fish used for WBEC P < 0.001 ), whereas there were no significant differences among bays. Though che diet composition was nor different, stable isotopes indicate char the food source herring consumed m PWS pnor ro October 1995 was principally from sources outside PWS. Thus, physical transport mechanisms were responsible for delivery of food co herring nursery areas. During October of a single year. the relatively small differences in 11 C/'zc among the four bays suggest that effects of variability in rhe GOA mflux may be pervasive w1rhin PWS. Small (Niebauer t!t al., 1994) ts also suggested by summer PWS surface-water Circulation patterns (Vaughan et al., 2001; this volume p. 58) . The occurrence of oceanic :ooplankton (Foy, unpublished data) within PWS provides further evidence for the role of allochthonous production in PWS. While we can inter that having GOA as an additional source of food during times of local depletion is essennal ro survival of juvemle herring, a detinttive cause and effect relationship could not be detected within the limited scope of the project. analysis was analysed for natural stable isotope proportions (Kline, 1999a) . Energetics There are several key observations and implications Age-0 herring metamorphose after the spring :ooplankof the uc;'zc analyses for understanding juvenile herton bloom in July. After metamorphosis they have ring ecology. With the sole exceptiOn of spring 1996, attained a WBEC measurement of2-3 kj g-1 wet we1ght during 1994-97, carbon from che GOA had more (Paul and Paul, 1998b) . The uming of metamorphosis negative 13 C/ 12 C than carbon in PWS (Kline, 1999b) . allows only a very short growing season in which age-0 Differences in 13 C/ 11 C were found among year classes herring can prepare for their first winter. This leads co of herring (Fig. 9e) . More negative 13 C/ 12 C values were our second hypothesis that it is vi cal for age-0 herring observed in age-0 1995 year class and age-l 1994 years to achieve a minimal condition during the summer. class herrmg in 1995 (Fig. 9e ) than in the other years of Seasonal changes in the WBEC occurred for both agethe study (Kline, 1999a) . Individuals with a more neg-0 and age-l herring, though the energy content was conative uC/' 2 C GOA signature (Kline, l999a; Cooney sistendy lower in the younger age group. When fish from et al., 200lb; this volume p. 97) dominated the popuall capture sites in all bays were averaged, the WBEC of lat ion of che copepod Neocalanu.s cristatu.s that underage-0 fish had similar seasonal changes in all years of this went diapause in PWS in autumn 1995. Zooplankton in study (Fig. 9f) . In August, the mean energy density of PWS in 1995 had the most negative uC/ 12 C signatures age-0 herring was about 3.5 kj g-1 wee we whereas for observed dunng the years 1994-97 (Kline, 1999b) . These age-l herring, energy density was about 5.5 kJ g-1 wet wt. observations are consistent w1rh the hypotheSIS char Both age groups continued to accumulate energy at there was an influx of carbon from the GOA inro PWS approximately the same rate from August through Octoin 1995. However, chis different source offood for herring ber. For the autumn of 1995, age-0 fish had an average in 1995 did not appearco affect growth (Figs 9a and lOa) .
of 5. 7 kJ g-1 wet weight vs. 8.0 for age-l and 9.4-The interannual shifts in 13 C/ 12 C values in herring 10.2 kJ g-1 wee weight for ages 2-7 (Paul et al., 1998) .
were much greater than the differences among bays in WBEC then decreased throughout the winter months, October (Fig. lOd) . When considering ages-0 and -1 at a time when stomachs were often empty (Fig. 9d) . values of uC/ 12 C in Occober, the difference between The lowest values (3.5-4.0 kJ g-1 wee weight) for young-1995 and both 1996 and 1997 were significant (Scheffe, of-the-year herring were in February and March (Fig. 90 and remamed the same or increased ~lighdy in Apnl when the percentage of herring feeding increased. The WBEC values of age-l Juveniles were somewhat greater than chose of age-0 herring in March (4.5 kJ g·' wee weight), and spring WBEC values of herring ages 2-7
were even htgher (> 5 kJ g· 1 wet wetghr ; Paul et al., 1998) . As the spring and summer progressed, the WBEC of the younger juveniles (now age-l) mcreased to about 6.0 kJ g 1 wet weight by June/July while the older juveniles (now age-2) had only a slighdy higher WBEC (> 6.5 kJ g· 1 wee weight). Thus, 3 years of stmilar mean values of WBEC for age-0 and age-l hemng support rhe earlier conclusion by Paul et al. ( 1998a) that, compared with older fish, the first 2 years in rhe life history of herring are more at risk to over-winter mortality because of low energy stores. The large ranges of s1ze and WBEC in October (Fig. 10a,e) indicate that age-0 herring ac different capcure sites were nor equally prepared for surviving rhe1r first winter , thus supporting our third hypotht:sis char nursery areas vary in quality. Length of fish appeared co be related co energy ofhemng.
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and Paul. 1998a; Fov and Paul. 1999) . Hemng mav he In October 1995, the WBEC and length of age-0 fish m highly vulnerable to predators Junng the Winter, as hunZaikof Bay (Fig. LOa,e) were significandy less {Mann-ger suppresses their anttpredarory behaviour (Robinson Whitney rank sum test, P < 0.0001) than those found and Pitcher, 1989; Pitcher and Parrish, 1993; Robinson, in Whale or Simpson Bays. In October 1996 , Eaglek, 1995 Srokesbury et al., 2000) .
Whale and Zaikof Bays had similar size herring and
In addiuon to field and laboratory Jaca, an energeucs WBEC values, but rhe WBEC value was significantly model was developed to evaluate and predict ~>Ver-lower (Mann-Whitney rank sum test, P < 0.0001) for winter survival of age-0 hemng (Patrick, 2000) . Addirionthe smaller fish in Simpson Bay. The greatest variation ally, the model was used to identify rhe importance of of Ocrober values of WBEC among bays was in 1997.
nutritional state and environment on survival. Using Herring m Eaglek Bav had significandy greater (Mannfield values from October WBEC for individual fish {aver-Whitney rank sum test, P < 0.0001) WBEC and mean ages shown in Fig. LOe) and winter water temperatures, length chan herring in Simpson and Za1kof Bays. In genthe model estimates changes in lipid and protein and eral, the energy-dense fish were also the largest fish.
their effect on survival rates over a 135-day fasting However, energy-dense fish were nor found in the same period. Probability of herring survival varied among the bay each year (Fig. LOe) , perhaps indicating that no one 3 years and four bays sampled (Fig. II) . Survival from bay was routinely rhe opumal nursery area.
October to March ranged from 39% to 86% in 1995-0ur fourth hypothesis was char survival the first 96, 18% to 86% in 1996-97, and 5-95% in 1997-98 . winter, which we linked to condition in hypothesis 2, is key Eaglek and Whale Bays consistently had average survival to subsequent year-class strength. Laboratory studies rates of86% over rhe three years. Survival in ZaikofBay show that fish held w1thour feeding from December ranged from 39% ro 56% (mean= 50%). Simpson Bay through April had a mean WBEC value that decreased survival had both the most variable and the lowest from 5.2 to 3.2 kJ g-1 wet weight (Paul and Paul, l998a) .
survival, ranging from 5% to 64% (mean= 29%). The Field collections verify a slow, continual decline in model predicted survival in the same order of magnitude WBEC of age-0 herring from November 1996 (5.0 kJ g-1 as acoustic measures of density in winter 1997-98. In wet weight) to March 1997 (3.9 kJ g-1 wet weight)
Simpson Bay, 5% were predicted to survive and 8% sur-( Fig. 9f ; Foy and Paul, 1999) . Age-0 herring that died viva! was measured (Table 1) , whereas rhe fit was nor as during laboratOry fasts had WBEC values ranging from close for Za1kof Bay where 56% were expected to survive 2.8 to 3.6 kJ g-1 wet wt. Fish that are shorter than 80 mm and 17% were measured. The variability in survival at the start of winter disappeared during winter, probably across bays is consistent with our fifth hypothesis that due to mortality related to insufficient energy reserves the quality of nursery areas affects the condition an4 for fasung, fighting disease, and avoiding predatOrs (Paul year-class strength of herring. ' "
The over-wimer model (Patrick, 2000) illustrates the degree to which nutritional stress has the potential tO regulate herring survival. The model shows that autumn energy condition has a greater effect on survival than water temperature. For a wimer duration of 120 days, a ±2 °C change in average temperature was inversely equal to ±15 days of survival time. Thus temperature was nor a significant factor in overall survival except in cases where survival declined at a steep rate (Fig. 11) and when there was less than lOo/o overall survival as in Simpson Bay 1997-98. These results identify specific bays with low expected survival where it would be important to monitor actual winter water temperatures. Furthermore, the model demonstrates that the length of the winter, i.e. the amount of time in which age-0 herring are nor feeding, may be critical to survival. For example, the survival rates after 90 days of winter fasting range from 30% tO 98% (Fig. 11) . For the smallest age-0 herring, which incur significant over-winter mortality, feeding in March (Fig. 9d ) may be critical to survival.
Although the over-winter model does not incorporate a density-dependent faccor, competition for food within individual bays is a likely factor affecting survival. If one assumed negligible migration out of the bays, then one could infer the mortality of juvenile herring was not equal within all bays in PWS. In 1996-97 and 1997-98, Simpson Bay had the greatest density of age-0 herring (Table 1 ) consistent with retention in rhe eastern region from the larval drift model (Norcross et al., unpublished data) . In those 2 years, that bay also had the smallest fish (Fig. lOa) , rhe lowest energy density (Fig. lOf) , and rhe lowest predicted over-winter survival (Fig. 11 ) . The longer fish with the greater WBEC in Simpson Bay in 1995-96 (Fig. 10a .f) resulted in a higher (64%) modelled survival. Unfortunately, there were no acoustic estimates of density for comparison. When considering the idea that quantity rather than quality of food is important in October, one is led to speculate about the size of the forage base, competition within nursery areas and effects on survival.
SYNTHESIS
The northern location of PWS ( 60°-61 o N), affected by extreme seasonal light and temperature cycles, tOgether with its deep bays and fjords make it a unique nursery area for juvenile Pacific herring. Herring in PWS are genetically distinct from those of Bristol Bay, Alaska (Grant, 1981; Fried and Wespestad, 1985) , the only other population of Pacific herring at a similar latitude in North America. Additionally, the geomorphology of Bristol Bay is open bays and long sloping shallow bottom, quite unlike PWS. The geomorphology ofPWS is similar to that ofSouth-easr Alaska and British Columbia. Also there is a strong correlation in recruitment time series between PWS and South-east Alaska (Williams and Quinn, 1998) . However, the temperature and light effects of the northern location are not as extreme in these southern areas. SEA provided a unique opportunity to study juvenile Pacific herring in this semienclosed and apparently separate location of PWS.
Increased water temperature in the summer may enhance feeding rates and promote growth, while warm winter temperature appears to be associated with reduced average size and survival of age-0 herring. This is could be a result of increased metabolic demands caused by the warm water (Blaxter and Holliday, 1963 ). An analogous situation exists in larval herring which use yolk sac resources faster at warmer temperatures and are more susceptible to starvation (McGurk, 1984) . Thus, it seems that in PWS a warm summer followed by a cool winter would promote the largest growth and survival in juvenile herring.
The over-wintering energetics model is driven less by temperature than by stored energy, which is the determining factor of winter survival of age-0 herring (Foy and Paul, 1999 ). Initially we hypothesized that feeding during the summer was critical to over-winter survival and that juvenile herring do not feed during the winter. In actuality, we learned that at no time do all herring juveniles have empty stomachs. The percentage of empty stomachs was always less than 50% except in December. This suggests over-winter feeding by juvenile herring may be an important supplement of stored energy for overwintering PWS juvenile herring. Furthermore, the energetics model assumes that the fish are nor feeding during the winter. Given that some feeding occurs over winter, potential survival may be better rhan predicted.
The availability of food is rhus key to successful survival of juvenile herring. In the past, the attitude may have been parochial, i.e. food availability is contingent upon local conditions. This study shows that in 1995, the major source of carbon in the diets of juvenile herring was from the GOA, proving that conditions outside ofPWS can directly affect herring inside PWS. From this short time series, we were not able to learn if presence of GOA carbon in 1995 was normal or an anomaly. This is of particular interest as it is now apparent that the GOA zooplankton biomass varies dramatically at decadal time scales (Brodeur and Ware, 1992) .
Though the effects of GOA influx of food appear almost uniformly throughout PWS, the estimated survival of juvenile herring is not equal in all areas. For 1996-97 and 1997-98 , modelled survival in Simpson Bay is much lower than in the other bays. Simultaneously, rhe relative abundance of herring in Simpson Bay was an o rder of magnitude higher chan chat of the other bays, the fish were shorter and had low WBEC, suggesting dens tty-dependence. Though chere were higher survival rates 10 che ocher bays, there were fewer juvemle herring in chose bays. Thus. within-bay competition for food may be an additional factor in the quality of the nursery.
Measurements of temperature, :ooplankcon abundance. si:e of Juvenile herring, WBEC, energy source (GOA vs. nennc :ooplankron ) and diet energy show that habitat conditions 10 various bays and fjords of PWS are nor untformly equal in space and rime. The result is char surviva l is not equally good among nursery areas, or in the same nursery area in a ll years. This inequality in survival may be linked to interannual variation 10 local climate and oceanographic conditions (Gay and Vaughan, 1998; thts volume p. 159 ).
The quality of the nursery area is not linked to a specific area, i.e. the highest quality nur:.ery area is nor consistently in t he same region each year. The unique nature of each bay presents difficulty for monitoring survival.
Additional research is needed to show that the four bays we studied are represencarive of oceanographic regtons within PWS that have similar condiuons. The length and WBEC of age-0 herring m March reflect both the quality of gro wing conditions Jurmg the first summer and the severity of winter and therefore provide cumulative estimates of conditions within a bay. A rest of this regional hypothests would be to sample herring condition in March in additio nal bays within the regions. If specific bays are representative of the regions, then a limited program could easily be developed chat mo nitors condition of age-0 herring in key a reas in the autumn. The autumn measurements could chen be included in the over-winter model to provide a regional estimate of survival potential for juvenile herrin~.
